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Met21 phthe locya~in .?  complexes have bee --ported t o  h a w  e l e c t r o  5 - l y t i c  
-..ctivity f o r  oxygen reduct ia -  i n  both a c i d i c f l j - a n d  b a s i c  ele t olytesr2f--and a 
pa ten t  has been i ssued  f o r  t h e i r  use i n  f u e l  c e l l  e l e c t r o  es . f3f  Sin 0 t h e  s p e c i f i c  
conductanc? o f  zll phthalocyanines  i s  w r y  law, about lo-' ohm-' ~ m - ~ f G )  it has been 
t h -  p r x t i c e  t o  d isperse  these compour,ds i n  conductive supports  i n  order  t o  u t i l i z e  
t h e i r  c a t a l y t i c  x t i v i t y .  This  renders  it impossible t o  es t imate  t h e  t r u e  s p e c i f i c  
a c t i v i t y  o f  t h e  phthalocyanine sur face  o r  t o  decide whether t h e i r  a c t i v i t y  i s  l i m -  
i t e d  by t h e i r  seemingly p r o h i b i t i v e  r e s i s t i v i t i e s .  For example i f  one p o s t u l a t e s  a 
pb.thilocyanine surfzice which dmvs a cur ren t  o f  0.2 ma/cm*, i .e . ,  approximstely t h a t  
obtained from the  reduct ion of oxygen on platinum a t  800 mv, a c u r r e n t  path length  
of  1~ through the  phthalocyanine c r y s t a l  would cause an i n t e r n a l  r e s i s t a n c e  polar-  
i z a t i o n  of 2 v o l t s .  Under t h e s e  circumstances any p o l a r i z a t i o n  d a t a  obtained on 
phthalocyznine e lec t rodes  would r e f l e c t  t h e  e f f e c t i v e  e l e c t r i c a l  contac t  of  t h e  
phthalocyanine c r y s t a l  with t h e  conductive support r a t h e r  than t h e  t r a n s f e r  r e s i s -  
tarace of oxygen reduct ion an t h e  c e t a l y s t .  

! 

We have examined t h e  e lec t rochemica l  behavior  and a c t i v i t y  of  a number of  t h i n  
f i h s  of c o b a l t  phthalocyanine i n  order  t o  separa te  t h e  r e s i s t i v e  and charge t r a n s -  
f e r  components of oxygen reduct ion  and t o  eva lua te  t h e  t r u e  s p e c i f i c  a c t i v i t y  of  t h e  
phthalocyanine surface.  

m r i m e n t a l  Par t  

Cobalt phthalocyani e was prepared by t h e  reac t ion  of  cobal t  metal  with 2 
cyanobenzamide at 250°C.p5) 
c e n t r a t e d  s u l f u r i c  a c i d  and subl imat ion under vacuum. 
sublimed sample was i d e n t i c a l  t o  those  i n  t h e  l i t e r a t u r e .  

S e v e r a l  e l e c t r o d e s  w e r ?  prepared from t h i s  mater ia l :  

E )  

The product was p u r i f i e d  by p r e c i p i t a t i o n  from con- 
ThrGyis ib le  spectrum of t h e  

CoPc was disso lved  i n  concentrated H2S04, mulled with a d e s i r e d  amount of 
Colmbia  NPO Spectra  carbon o r  Shawinigan Black, and p r e c i p i t a t e d  o n  t h e  carbon by 
d i l u t i o n  i n  i c e  water. 
Teflon 30 dispers ion  and sprayed o n  Au p l a t e d  tantalum screen.  
press ing  c m p l e t e d  t h e  e l e c t r o d e .  

This  r e s u l t i n g  powder w a s  mixed with 30% b y  weight of 
S i n t e r i n g  and 

b )  CoPc w-s sukl ixed  o r t o  gold f o i l  under vhcuum to form film; v i t h  loadings 
of frz-. 0.05 t o  3.1 ng/cmc, altliough of .iarying uniformity o f  th ickness .  

c )  CoPc w a c  zdcortc:d o n  Columbia NCS Spectra  carbon from pyr id ine  so lu t ion .  
Adzorpt ion isoth 'Jzxs werr. 3 b t a i r e d  by mersur1r.g t h e  change i n  concent r a t i o n  of COPC 
i.. so lu i io!?  s~ctrophct5- .T. t r iC411y.  Conditions were chosen under which 2 monolayer 
;i ?:.t:.<.13Cy?ri"? ' J O U i C  f3.7 or. csrbor: end. ce t ; i lyz t r  were prowred  by f i l t e r i n g  
1.7.: csrbsr fro-. t h e  pyri5ir.e ~ o l u ~ i o r .  s f t e r  e j u i l i b r a t i o c .  The r e s u l t ' ?  powder 
-*LC : . ;~-cue t~d  a t  :O3c t o  rcm0.j.: t:-..: pyriai:.:: a?? 7 . o u r t ~ d  as t ; ! i n  l b y c r t i y  e l e c t r o d e s  
i'sr t e s t i r 4 .  

. . .  

E.sf2r-e th.- :?corIJtio:. = f  copc, s c ~ p l e z  s t  Columbia Reo Spec t re  carbon (1000 
? : / g )  W-F prctre?-t.;.d i n  three d i f f - r e n t  .~?:yz. 
3x755:: ta si./.> a:-. z c i z  s u r f a c e  whici., 3r. i i t r ? + i o r ,  v i t h  best: g2.r: 1,; m eq /g  Of 

The f i r s t  v a s  kezterl  a t  42OoC under 
. .  
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surface a c i d  species . (8)  
room temperature had a b a s i c  surface,  which had 0.5 :n eq/g of b a s i c  spccies .  
t h i r d  was t h e  i n i t i a l  un t rea ted  Columbia Ne0 Spectra carbon. 

The second, evacuated a t  400°C and exposed t o  oxygen a t  
The 

These e l e c t r o d e s  were examined var ious ly  i n  a f l o a t i n g  e lec t rode  c e l l , ( 9 )  a 
conventional t h r e e  compartment c e l l  with gold counter  e lec t rode  and platinum r e f e r -  
ence electrode,  and as submerged gas  e lec t rodes  i n  t h e  manner descr ibed f o r  t h e  t h i n  
l a y e r  e lec t rode . (7)  

-. 
1 

I 
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Resul ts  and Discussion 

Screen Electrodes 

Screen e lec t rodes  were f i r s t  made by method ( a )  and parameters were var ied  to 
give t h e  b e s t  poss ib le  performance. For ins tance  mechanical mixing of t h e  phthalo- 
cyanine and carbon gave poor r e s u l t s  r e l a t i v e  t o  a c a t a l y s t  made by mulling c a t a l y s t  
and support i n  H2SO4. Furthermore, highest  a c t i v i t y  was d isp layed  by a c a t a l y s t  t o  
support weight r a t i o  of  about 1:l and t h e  h igher  sur face  a r e a  N e 0  Spectra  carbon 
(1000 rn2/g) proved super ior  t o  Shawinigan black (70 m2/g). mta f o r  t h e s e  compari- 
sons a r e  given i n  Table I and w e r e  obtained from f l o a t i n g  e l e c t r o d e s  i n  5% H3P04. 

' 

The e f f e c t  of each of t h e s e  var iab les  was such as t o  suggest t h a t  t h e  b e s t  
performance was  achieved when maximum e l e c t r i c a l  contac t  was e s t a b l i s h e d  between 
t h e  c a t a l y s t  and t h e  support. Thus t h e  high r e s i s t i v i t y  of t h e  s o l i d  phthalocyanine 
appeared t o  i i m i t  c a t a l y t i c  a c t i v i t y .  

The p o l a r i z a t i o n  curve for t h e  bes t  e l e c t r o d e  of Table I run i n  h a l f  c e l l  
conf igura t ion  i n  JO$ H2SO4 i s  shown i n  Figure 1. 
o f  t h e  CoPc w a s  not known, nor t h e  cont r ibu t ion  of  i n t e r n a l  r e s i s t a n c e  t o  polar iza-  
t ion ;  no c a l c u l a t i o n  of  t h e  i n t r i n s i c  a c t i v i t y  of  t h e  CoPc sur face  could be made. 

Since t h e  a v a i l a b l e  sur face  area 

Table I 

02 reduct ion 
w% COPC* Carbon m a  a t  mv- 

i n  Cata lys t  Powder support OCP 10 100 200 

30 Sh. Bk. 755 210 --- --- 
50 sh. Bk. 789 410 310 260 

Sh. Bk. 760 945 220 --- 
802 148 --- --- 70 

30 Sh. Bk." 
50 N. sp. 750 570 360 260 

Films of CoPc on Gold 

If t h e  major p o r t i o n  of t h e  p o l a r i z a t i o n  of phthalocyanine e l e c t r o d e s  were 
caused by t h e  i n t e r n a l  r e s i s t a n c e  then t h e  cathodic  reduct ion of oxygen on t h i n  
f i h s  o f  CoPc on gold would be  inverse ly  propor t ione l  t o  film th ickness .  As i s  
shown i n  Table 11 t h i s  e f f e c t  w i s  not observed f o r  films of phthalocyanine sublimed 
onto gold f o i l .  The cur ren t  d e n s i t y  a t  a given vol tage appearcd t o  be independent 
of  film thickness .  Moreover when a n  e l e c t r o n i c  i n t e r r u p t e r  measurement vas made on 
t h e  f i lm no sharp .jump c h a r a c t e r i s t i c  o f  i n t e r n a l  r e s i s t a n c e  w a s  seen. In  agreement 
with t h e s e  observat ions t h e  a c t i v z t i o n  energy for oxygen reduct ion on t h i s  f i l m  was 
ce lcu la ted  f ron  experiments a t  severa l  temperatures t o  be less thari 15 K cals/mole 

S lechanica l ly  mixed. A l l  o t h e r s  mulled i n  H2S04. 
Electrode contaAns 30% TFE. mc 

-50 w$ H3Po4, 70 C. 
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whereas t h e  a c t i v a t i o n  energy f o r  i n t r i n s i c  semi-conduction i n  CoPc, t h e  expected 
value i f  conductance limits performance, has  been measured as 36 K cals/mole.(4) 

Table I1 

Oxygen Reduction on Films o f  CoPc of Varying Thickness on Gold 

Film Thickness* O2 Reductionm 

* 01 17 - 05 4 

ma/cm2 pa  at 500 uv 

-50 . a 
The apparent ly  c o n t r a d i c t o r y  r e s u l t s  obtained from screen e l e c t r o d e s  and CoPc 

films might be reconci led  i f  one assumed t h a t  t h e  f i l m s  of  CoPc were porous and 
that ,  due t o  high i n t e r n a l  res i s tance ,  oxygen reduct ion only  took p lace  a t  t h e  
bottom of t h e  pores, where phthalocyanine was i n  good e l e c t r i c a l  c o n t a c t  with t h e  
gold  f o i l  base. 
concent ra t ion  p o l a r i z a t i o n  might be  expected i n  t h e  pores .  
these films was proven by  e l e c t r o d e p o s i t i n g  gold  and copper on them. 
t h e  p l a t i n g  c u r r e n t  was kept  constant  no deposit was v i s i b l e  except  towards t h e  end 
o f  t h e  experiment when microscopic m e t a l l i c  beads appeared on t h e  surface.  

Then no i n t e r n a l  r e s i s t a n c e  would be  observed al though a l a r g e  gas 
The porous nature  of  

Thus, a l though 

, 

The CoPc films’ were also i n v e s t i g a t e d  b y  cyclic voltammetry under N2 at scan 
r a t e s  o f  410 mV/sec. 
i f  t h e  e l e c t r o d e  was p o l a r i z e d  t o  low p o t e n t i a l s  (@ = 0 t o  50 mv versus  S.H.E. i n  
same medium). Under t h e  condi t ions  
used t h e  c u r r e n t s  were due w i t h i n  a few percent  s o l e l y  t o  r e a c t i o n s  o f  t h e  e l e c t r o d e  
mater ia l ,  i.e., CoPc. 

The CoPc f i l m  d i s i n t e g r a t e d  r a t h e r  r a p i d l y  i n  t h e  e l e c t r o l y t e  

The samples w e r e  t h e r e f o r e  kept a t  E? 2 300 mv. 

r 

Progress ive  changes which occurred on repeated cyc l ing  o f  a c h a r a c t e r i s t i c  f i l m  
are shown i n  Figure 2. W e  see i n i t i a l l y  (Curve A) two redox systems designated b y  
I and I1 with equi l ibr ium p o t e n t i a l s  o f  approximately ET = 900 mv and E$I = 700 mv. 
The o r i g i n a l  red-purple e l e c t r o d e  c o l o r  remained t h e  same during t h e  f i r s t  p o t e n t i a l  
cycles .  These curves r a p i d l y  changed dur ing  subsequent cycles ,  t h e  change being t h e  
more r a p i d  t h e  t h i n n e r  was the  f i lm.  An in te rmedia te  s t a t e  was reached, charac te r -  
i z e d  by curve B i n  F igure  2, and by  a clear b lue  c o l o r  a t  low, and t h e  former red- 
purple  c o l o r  a t  high p o t e n t i a l s .  h r e n t u a l l y  a new couple I11 appeared at around 
ETII = 450 mv which became t h e  dominant fea ture .  Simultaneously t h e  c o l o r  changed 
t o  g r a s s  green (a t  p o t e n t i a l s  cathodic  t o  peak 111) and purple  (at  higher  p o t e n t i a l s )  
without any b l u e  intermediate .  It i s  probable that  t h e  r e a c t i o n s  involved i n  t h e s e  
couples  are he redox r e a c t i o n s  of  c e n t r a l  Co i o n  involving t h e  va lenc ies  3+, 2+, 
1+ and approximately 4000 t o  

c u r r e n t s  i n  Figure 2 (curve C) a r e  4.5 ma/cm2 and t h e s e  peaks a r e  separa ted  by 50 
mv. The I R  loss with in  t h e  f i l m  t h e r e f o r e  could not be l a r g e r  than  5012 = 25 mv. 
If t h e  o r i g i n a l  r e s i s t i v i t y  were maintained dur ing  t h e  experiment t h e  th ickness  
A of t h e  l a y e r  involved i n  r a c t i o n  111 would have t o  be t h i n n e r  t h a n  approximately 
1 Ra/o : 2514.5 x 
t h a t  a l a y e r  t h i s  t h i n  can produce a charge of o n l y  0.01 p Coul/cm* whereas t h e  
t o t a l  a r e a  wi th in  t h e  Curve C of Figure  2 i n d i c a t e s  t h a t  changes two orders  of  
magnitude g r e a t e r  are involved (Table 111). These changes, i n  Table 111, would be  
c o n s i s t e n t  with t h e  c a s e  where approximately 20$ of t h e  th ickness  o f  t h e  CoPc f i l m  
was involved i n  t h e  redox reac t ion .  One must t h e r e f o r e  conclude t h a t  t h e  r e s i s t i v -  
i t y  of t h e  CoPc breaks down as a load  i s  a p p l i e d  t o  t h e  e l e c t r o d e  f i l m  and t h a t  t h e  
operg t ing  r e s i s t a n c e s  of t h e  f i l m  a r e  l o v e r  than  those  measured i n  t h e  dry  state. 

The measured r e s i s t a n c e  of  t h e  d r y  f i l m  w a  
5000 n cm2 corresponding t o  a s p e c i f i c  r e s i s t i v i t y  o f  0 z 10 8 R cm. The maximum 

Z 58. A c a l c u l a t i o n  based on t h e  d e n s i t y  of  CoPc shows 

* 
++ Prepared by sublimation. 

m f e l  slope a p p r o d m a t e l y  If3 mv. 
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Table I11 

I 

h 

Coulometric Whavior  of CoPc Films during Cyclic Voltammetry 

CoPc Loading Area Charge 
[mg/cm2 I [m ~oul /cm2I  [Coul/mole COPC 1 

.055 5.8 6.0 104 
4.5 104 - 075 5.9 - 095 4.9 5.0 x 10 4 

The e l e c t r i c a l  c i r c u i t  a t  t h e  CoPc/electrolyte  i n t e r f a c e  has  t o  be completed 
by Wradaic  reac t ion  s ince  c a p a c i t y  c u r r e n t s  would not be s u f f i c i e n t l y  large.  
t h i s  role w e  assume H+ ions  t o  be t h e  most l i k e l y  r e a c t a n t  according t o  t h e  diagram: 

For 

Elec t  ro l y t  e 
I 

Gold 

Without supply o f  H+ i n t o  CoPc t h e  r e a c t i o n  could not proceed even i f  e lec-  
t r o n i c  conductance were s u f f i c i e n t .  Hence t h e  reduct ion of  t h e  cobal t  i o n  r e q u i r e s  
t h e  formation of t h e  protonated form of phthalocyanine ( f ree-base) .  The model which 
emerges from t h e s e  arguments, which can explain a t  l e a s t  some of t h e  observat ions i s  
a s  follows: The CoPc i n  contac t  with t h e  e l e c t r o l y t e  acqui res  e l e c t r o n i c  conductiv- 
i t y  by t h e  passage of protons from t h e  e l e c t r o l y t e  however due t o  l i m i t e d  ion- 
conduct iv i ty  only  a f r a c t i o n  can r e a c t  during a v o l t a m e t r i c  cycle .  

The c a t a l y t i c  a c t i v i t y  of  t h e  CoPc f i l m s  on gold  i s  t h e r e f o r e  a complex combi- 
nat ion of r e a c t i o n  a t  t h e  bottom of  pores i n  t h e  f i l m  and extending i n t o  t h e  f i lm 
because of t h e  increased  conductance of phthalocyanine under load.  It i s  t h u s  not 
poss ib le  t o  eva lua te  t h e  t r u e  s p e c i f i c  a c t i v i t y  of  t h e  phthalocyanine sur face  from 
p o l a r i z a t i o n  d a t a  on t h e s e  t h i n  f i l m s .  

Formation and C a t a l y t i c  A c t i v i t y  o f  CoPc Monolayers 

Cobalt phthalocyanine adsorbed s t r o n g l y  from pyridine s o l u t i o n  onto carbon. 
The equi l ibr ium concent ra t ion  of  phthalocyanine i n  s o l u t i o n  w a s  measured spectro- 
s c o p i c a l l y  and t h e  concent ra t ion  on t h e  sur face  of t h e  carbon c a l c u l a t e d  by t h e  
difference.  The adsorp t ion  isotherms are shown f o r  t h e  t h r e e  d i f f e r e n t  carbon 
sur faces  i n  Figures  3 ,  4 and 5. 
c h a r a c t e r i s t i c  of  kngmuir  adsorp t ion  and indeed t h e  
according t o  t h e  l i nea r  form of  t h e  Langmuir i s o t h e r m t l l )  (F igures  6, 7 and 8). 

These have t h e  sharp elbow and s a t u r a t i o n  coverage 
sotherms may be p l o t t e d  

cB = concent rs t l  on 
Cc = concent ra t ioc  

of COPC i n  s o l u t i o n  (mg/ l i te r )  
of Copc on sur face  (mg CoPc/mg carbon) 

C; = sur face  concent ra t ion  c t  satur- . t ion coverage 
K = adsorpt ior .  nquiii'sriurr, c3rct:ii;t 

The s a t u r z t i o n  co'ierzgcs f o r  eech carbon sur fac?  were very similar, Table IV, 
suggest ing t h e t  i n  s t r o n g l y  b a s i c  pyridine co lu t ion  d i f f e r e n c e s  i n  surface spec ies  
W ~ S  minimized. The surfac-  ?re? occupied by on? CoPc molecule a t  s a t u r a t i o n  coverago 
is a lso  l i s t e d  and shy,/? th7.t t,h- cope war conri5C:rsbly less t h a n  clos? pzcked SinCC 
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Ai-  b I': copc no12culc i2 .-..-..n-,<-., .'"f;; .J ;L . , L A  +,'ly Y - 180 E'. 
carbon p a r t i c l e s ,  < 30 A dienneter, have pores  s u f f i c i e n t l y  l s r g e  t o  scclude t h e  CoPc 
Rolzcules  t h e r e f o r e  c e  zssume t h ?  CoPc t o  be dispersed on the sur face  of t h e  carbon 
2nd i n  s t rong  i n t e r s c t i o n  srith it. 

It i s  ur.likcly t h a t  t h c  very small 

Table I V  

S a t u r a t i o n  Coverage of CoPc adsarbed from 
Pyridine Solut ior ,  on Various N2o Spectra  Carbo2 Surfaces 

Sa tura t ion  Surface Area per 
Surface Coverage CoPc Molecule 

F-retreatmznt mg CoPc/mg cerbon 82 

Ur.t r -7nt ed 
Acidic  
= s i c  

0.107 
0.135 
0.141 

880 

670 
700 

Since CoPc i s  i n s o l u b l e  i n  20% H2S04 it was poss ib le  t o  use these  prepara t ions  
i n  e l e c t r o d e s  f o r  oxygen reduct ion .  
nonolayers of CoPc could b e  measured; a condi t ion  where t h e r e  i s  no poss ib le  resis- 
tance  t3 th-2 passage of e l e c t r o n s  from t h e  conductive support t o  t h e  a c t i v e  s i t e  
z?d hencc. ::h?? i n t s r n e l  r e s i s t a n c e  should be negl ig ib le .  

Thus t h e  a c t i v i t y  f o r  oxygen reduct ion of  

The c a t a l y s t  powders 5i'ei-e mounted i n  t h i n  l a y e r  e l e c t r o d e s ( 7 )  designed t o  
e l i m i n a t e  gas  concent ra t ion  p o l a r i z a t i o n  and e l e c t r o l y t e  I R  l o s s e s .  P o l a r i z a t i o n  
c u r - e s  f o r  oxygen reduct ior .  on phthalocyanine supported on t h e  t h r e e  d i f f e r e n t  
carbon s u r f a c e s  a r e  shown i n  F igures  9 ,  10, 11. The l i n e a r i t y  o f  t h e  T a f e l  p l o t  
and i t s  l a c k  o f  dependerce on c a t a l y s t  loading confirms t h a t  t h e s e  d a t a  r e f e r  on ly  
t o  chzrge t r a n s f e r .  

The c u r r e n t  dens i ty ,  p l o t t e d  as ma/mg CoPc, was very n e a r l y  t h e  same f o r  each 
o f  t h e  t h r e e  carbon sur faces  and only s l i g h t l y  g r e a t e r  t h a n  f o r  t h e  carbon without 
CoPc ( F i g u r e  1 2 ) .  Since t h e  phthalocyanine was spread as a monolayer t h e  exchange 
c u r r e n t  could be c a l c u l a t e d  assuming 180 g2 per  phthalocyanine molecule. 
a value of  4 x ampsfcmc f o r  io and a T a f e l  slope o f  160 mv f o r  CoPc on t h e  
a c i d  c3rbon surface. The o t h e r  s u r f a c e s  were not s i g n i f i c a n t l y  d i f f e r e n t .  Thus 
th? CoPc sur fece  i s  r a t h e r  veekly c a t a l y t i c ;  on ly  s l i g h t l y  b e t t e r  than t h e  carbon 
3r: vhich it i: supported. T h e  presence of d i f f e r e n t  sur face  spec ies  under t h e  
adsorbed phthalocyanine appears  t o  have l i t t l e  e f f e c t  on t h e  c a t a l y t i c  a c t i v i t y  
sl.though t h e  b a s i c  carbo? s u r f a c e  seems t o  lower t h e  a c t i v i t y  s l i g h t l y .  

This gave 

P o l a r i z a t i o n  d a t e  f o r  t h e  b e s t  screen e lec t rode  made from CoPc by method (a)  
i s  also plo t tPd  on t h e  b a s i s  of mz./mg CoPc i n  F igure  9 f o r  comparison. I ts  lower 
iErfo-.exe p i r . t s  out  t h e t  t h i s  e lec t rode  d i d  not make t h e  most e f f i c i e n t  use of 
t h ?  pikha1ocpr.ir.e 03 t h e  carbo:! poss ib ly  becr-use a l l  t h e  phthalocyanine was  not 
ic . . l ec t r ica l  cor!tact w i t h  t h e  support. 

?r?etry of t h e  t h i n  f i lms  of phthelocyanine shoved t h a t  t h e  r e s i s -  
a13cy.-?i:.-: d.-creised a t  cathode p o t e n t i a l s  8 s  t h e  oxida t ion  s t a t e  

2: tti  c e z t r a l  i o n  c h e r g 4 .  Eeice d e s p i t e  t h e  -.wry high i c i t i s l  r c s i s t a n c e  o f  
p!- . thalocprir ,e  t k r e  i: prz'tjzkly n3t en importznt r.-sistance cont r ibu t ion  t o  
cs thode polarizatio:. This  behavior  would i s p l y  t h e t  t h e  a c t i v i t y  o f  c o b a l t  
p .? thalocsninn xii:e& v i t k :  2. conducti-i? support i n  e screen - 3 l x t r o d e  should be 
c l s s e  t3 t h 2  t:tri?cic s c t i - ; i t y  o f  t h e  a.:zil-.bls ph th~13cyani r? .  
is born? out. -cy th.2 . :epj si ' l i lc :  ecti. ,rity 3: t h i n  12y;r e l e c t r o d e s  with monglayers 
zf phth-iloc-y?-ninC: -.?.d the z c r e r n  electrode-, i n  Figur? 9. 

This assumption 
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Undoubtedly t h e  nature  of t h e  surface i n  which t h e  phthalocyanine i s  supported 
may have a l a r g e  e f f e c t  on i t s  a c t i v i t y  and the re fo re  some support  o the r  than carbon 
may be found giving enhanced a c t i v i t y .  
phthalocyanine itself i s  known t o  a f f e c t  c a t a l  
cyanines for t h e  decomposition of formic acid.@T Moreover t h e  mechanism f o r  t h e  
reduction Of oxygen on a semi-conductor su r face  w i l l  c e r t a i n l y  be complicated by 
changes i n  t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  c e n t r a l  metal  ion.  However t h e  present  
Study demonstrates t h a t  e l e c t r o n i c  conductance through t h e  semi-conductor i s  not  a 
l i m i t a t i o n  i n  t h e  case of  coba l t  phthalocyanine but t h a t  t h e  electrochemical  r eac t ion  
at t h e  c a t a l y s t  surface i s  t h e  slow process.  
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Figuro 1 

OXYGEN REDUCTION ON CoPc SUPPORTED 
ON NE0 SPECTRA CARBON IN A SCREEN ELECTRODE 
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Figure 3 

ADSORPTION ISOTHERM CoPc 
ON UNTREATED NE0 SPECTRA CARBON 
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Figure 5 

ADSORPTION ISOTHERM CoPc 
ON BASIC NE0 SPECTRA CARBON 
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Figure 7 

LANGMUIR ISOTHERM CoPc 
ON ACID NE0 SPECTRA CARBON 

CB Wt 
Figure 8 

LANGMUIR ISOTHERM CoPc 
ON BASIC NE0 SPECTRA CARBON 
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F i g u r e  9 :  CATHODIC OXYGEN REDUCTION 
O i  CARBON SUPPORTED 

CoPc MONOLAYERS (UNTREATED NE0 SPECTRA) 
0.95 "9 copc/mg N EO SPECTRA W C ,  20% H+Od 
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Figuro 11: CATHODIC OXYGEN REDUCTION ON CARBON 
SUPPORTED CoPc MONOLAYERS (BASIC NE0 SPECTRA) 
B0C, 20% H2SO4 
0.11 mg CoPc/mg N EO SPECTRA 
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Figure 12 

OXYGEN REDUCTION ON UNTREATED NE0 SPECTRA 
CARBON 
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